Hypoxia inducible factor-2a (HIF-2a) has a critical role in renal tumorigenesis. HIF-2a is stabilized in von Hippel-Lindau (VHL)deficient renal cell carcinoma through mechanisms that require ongoing mRNA translation. Mammalian target of rapamycin (mTOR) functions in two distinct complexes: Raptor-associated mTORC1 and Rictor-associated mTORC2. Rictor-associated mTORC2 complex has been linked to maintaining HIF-2a protein in the absence of VHL; however, the mechanisms remain to be elucidated. Although Raptor-associated mTORC1 is a known key upstream regulator of mRNA translation, initiation and elongation, the role of mTORC2 in regulating mRNA translation is not clear. Complex assembly of the mRNA cap protein, eukaryotic translation initiation factor 4 (eIF4)E, with activators (eIF4 gamma (eIF4G)) and inhibitors (eIF4E-binding protein 1 (4E-BP1)) are rate-limiting determinants of mRNA translation. Our laboratory has previously demonstrated that reactive oxygen species, mediated by p22 phox -based Nox oxidases, are enhanced in VHL-deficient cells and have a role in the activation of Akt on S473, a site phosphorylated by the mTORC2 complex. In this study, we examined the role of Rictor-dependent regulation of HIF-2a through eIF4E-dependent mRNA translation and examined the effects of p22 phox -based Nox oxidases on TORC2 regulation. We demonstrate for the first time that mTORC2 complex stability and activation is redox sensitive, and further defined a novel role for p22 phox -based Nox oxidases in eIF4Edependent mRNA translation through mTORC2. Furthermore, we provide the first evidence that silencing of p22 phox reduces HIF-2a-dependent gene targeting in vitro and tumor formation in vivo. The clinical relevance of these studies is demonstrated.
INTRODUCTION
Hypoxia inducible factor-2a (HIF-2a) is stabilized in von Hippel-Lindau (VHL)-deficient renal cell carcinoma (RCC). [1] [2] [3] Our laboratory has demonstrated that ongoing mRNA translation is necessary for maintaining HIF-2a protein expression in the absence of VHL through mechanisms involving p22 phox -based Nox oxidases. 4 mRNA translation is regulated at multiple levels and deregulation of mRNA translation is evident in many cancers. [5] [6] [7] [8] In part, initiation of cap-dependent mRNA translation requires activation of the Raptor-associated mammalian target of rapamycin (mTORC1) signaling pathway and formation of the eukaryotic translation initiation factor 4 (eIF4)F complex, which include the cap-binding protein eIF4E, the ATPase/RNA helicase eIF4A and the scaffold protein eIF4G. eIF4E has two key mutually exclusive binding partners; eIF4 gamma (eIF4G) and eIF4E-binding protein 1 (4E-BP1), which lead to mRNA translation activation or repression, respectively. [9] [10] [11] [12] Phosphorylation of 4E-BP1 by mTORC1 results in 4E-BP1/eIF4E dissociation, allowing eIF4E to bind eIF4G and activate mRNA translation. mTOR functions in two distinct complexes, mTORC1 and mTORC2, which contain common (mLST8/GbL) and unique (Raptor and Rictor) protein partners. [13] [14] [15] We have previously demonstrated that p22 phox -based Nox oxidases mediate mRNA translation of HIF-2a, in part, through Akt-dependent inactivation and degradation of the mTORC1 inhibitor, Tuberin. 16 Overexpression of a dominant-negative form of 4E-BP1, which harbors mutations in the mTORC1-dependent phosphorylation sites, reduces HIF-2a protein expression in VHL-deficient cells, suggesting that initiation of mRNA translation is necessary for maintaining HIF-2a in the absence of VHL. 16 More recently, it has been demonstrated that knockdown of Rictor, a subunit of the mTORC2 complex, but not Raptor, a subunit of the mTORC1 complex, reduces HIF-2a subunit in VHL-deficient cells, suggesting that mTORC2 complex have a role in the regulation of HIF-2a, although the mechanism have yet to be elucidated. 17 In this study, we examined the role of p22 phox -based Nox oxidases in Rictor-dependent regulation of HIF-2a protein expression and elucidated the mechanisms by which Rictor regulates HIF-2a in the absence of VHL. We demonstrate for the first time that mTORC2 complex stability and activation is redox sensitive and further defined a novel role for p22 phox -based Nox oxidases in eIF4E-dependent mRNA translation through mTORC2. Furthermore, we provide the first evidence that silencing of p22 phox reduces HIF-2a-dependent gene targeting in vitro and tumor formation in vivo. The clinical relevance of these studies is demonstrated.
RESULTS
Blocking TORC2 reduces HIF-2a protein expression through inhibition of the mRNA initiation complex To examine the role and elucidate the mechanisms of TORC1 and TORC2 in maintaining HIF-2a protein expression, we used the rapalog inhibitor of TORC1, temsirolimus (CCI-779) or pp242, a newly developed mTORC1/mTORC2 inhibitor. 18 We find that treatment of VHL-deficient RCC 786-O cells with CCI-779 had no effect on HIF-2a protein expression; however, cells treated with pp242 efficiently reduced HIF-2a protein expression ( Figure 1a ). Importantly, mRNA levels of HIF-2a did not significantly change ( Figure 1b ). Because of the fact that pp242 reduces HIF-2a protein expression independent of mRNA levels, we next examined the effects of TORC inhibitors on mRNA translation. eIF4E is a eukaryotic translation initiation factor involved in directing ribosomes to the cap structure of mRNAs. eIF4E bound to 4E-BP1 indicates inhibition of mRNA translation. We treated RCC 786-O cells with CCI-779 or pp242, and affinity purified eIF4E using 7-methyl-GTP (7mGTP) sepharose beads that mimic the mRNA cap structure. 19 4E-BP1 was not detected in affinity-purified eIF4E pull-downs in RCC 786-O buffer or CCI-779-treated cells, whereas 4E-BP1 was readily detected in affinity-purified eIF4E pull-downs in RCC 786-O cells treated with pp242 ( Figure 1c ).
The association of eIF4E with 4E-BP1 inhibits initiation of mRNA translation; therefore, we examined the polysomal profile of HIF-2a mRNA as a readout of mRNA translation. The polysomal distribution of HIF-2a mRNA was examined in the presence or absence of the aforementioned mTORC inhibitors. Polysomal distribution of HIF-2a mRNA was assessed by ultracentrifugation of postnuclear fractions in 15-40% sucrose gradients. After centrifugation, gradients were separated in 10 fractions, RNA was extracted from each fraction, and HIF-2a and glyceraldehydes-3-phosphate dehydrogenase (GAPDH) mRNA abundance was measured by quantitative reverse-transcriptase PCR (qRT-PCR). Heavy polysomal fractions (6-10) are indicated as assembled ribosomes as determined by the basal polysomal profile (data not shown) and is suggestive of active translation, whereas lighter polysomal fractions (1-5) are indicated as unassembled ribosomes Figure 1 . Effects of mTORC1 and mTORC2 inhibition on eIF4E binding to mRNA repressor, 4E-BP1. (a) VHL-deficient RCC 786-O cells were incubated with buffer alone ( À ), mTORC1 inhibitor (CCI-779), or the mTORC1/mTORC2 inhibitor (pp242) for 24 h. Cellular lysates were analyzed by western blot analysis for HIF-2a expression. GAPDH was used as a loading control. (b) In parallel to a, RNA was extracted and HIF-2a mRNA was examined by qRT-PCR. (c) Cellular lysates were prepared as described in Materials and methods from RCC 786-O cells treated with buffer alone ( À ), CCI-779, or pp242 for 24 h, and eIF4E and its associated proteins were affinity-purified using 7mGTP sepharose beads followed by western blot analysis for total eIF4E and 4E-BP1. The data are representative of three independent experiments. (d) Polysomal fractions were prepared by passing cytosolic lysates from RCC 786-O cells treated with buffer ( À ), CCI-779, or pp242 over sucrose gradients as described in experimental methods. HIF-2a and GAPDH mRNAs were detected in each fraction by RT-PCR on RNA extracted from each fraction. Sedimentation analysis was examined in parallel of RCC 786-O cells by measuring optical density at 254 nm. (e) qRT-PCR was performed as outlined in Materials and methods to examine the mRNA expression levels of HIF-responsive genes (VEGF and TGF-a) in RCC 786-O cells treated with buffer alone ( À ), CCI-779 and pp242. The data is representative of three independent experiments and are expressed as fold control, wherein the ratio of the buffer-treated control cells was defined as 1. Values are the means±s.e., *Po0.05 and #Po0.05 compared with CCI-779 alone. and is suggestive of inhibition of translation. Figure 1d shows that HIF-2a mRNA is most abundant in heavy polysomal fractions 6-10 in RCC 786-O cells treated with buffer alone or CCI-779 (87% and 83%, respectively), whereas RCC 786-O cells treated with pp242 resulted in a reduction of HIF-2a mRNA in heavy polysomal fractions (B60%) concomitant with an increase of HIF-2a mRNA in lighter polysomal fractions, suggesting an inhibition of mRNA translation. GAPDH mRNA distribution was not affected by the treatments (data not shown). In parallel, HIF-2a target genes were examined as a read-out of HIF-2a activity in RCC 786-O cells treated with buffer alone, CCI-779, or pp242. We find that RCC 786-O cells treated with pp242 significantly reduced HIF-a target genes, vascular endothelial growth factor (VEGF) and transforming growth factor-a (TGF-a) compared with buffer-treated cells, whereas CCI-779 partially reduces TGF-a ( Figure 1e ).
Rictor regulates HIF-2a through eIF4E-dependent mRNA translational mechanisms To further characterize and define the role of TORC2 in the regulation of 4E-BP1-eIF4E complex assembly involved in mRNA translation, and to determine if this is a mechanism by which TORC2 regulates HIF-2a, we transiently knocked down an important subunit of the TORC2 complex, Rictor, using small interfering RNAs (siRictor) or scrambled control (Scr). As expected, downregulation of Rictor efficiently reduced phosphorylation of Akt (pAkt473), a known downstream target of TORC2, and reduced HIF-2a expression in VHL-deficient cells with no effect on total Akt levels ( Figure 2a and Toschi et al.). 17 Successful Rictor knockdown was confirmed by western blot analysis and GAPDH was used as a loading control. Moreover, mRNA expression of HIF-2a was not altered in siRictor-transfected cells compared with scr control (Figure 2b ). Affinity purification of eIF4E using 7mGTP beads in RCC 786-O cells silenced of Rictor (siRictor) resulted in enhanced eIF4E binding to 4E-BP1 in four independent transfections compared with RCC 786-O cells transfected with three independent scr controls ( Figure 2c ). Importantly, polysomal profiling of HIF-2a mRNA in RCC 786-O cells transiently silenced of Rictor demonstrates an approximate 50% reduction of the HIF-2a mRNA in heavy polysomal fractions compared with scr-transfected controls (Figure 2d ). Similarly, transient silencing of Rictor using small inhibitory RNA in an independent VHL-deficient cell line, which only expresses the HIF-2a A498, resulted in reduced HIF-2a expression (Supplementary Figure S1A ) and a reduction of HIF-2a mRNA in heavy polysomal fractions of approximately 45% compared with scr-transfected control (Supplementary Figure  S1B ). In support of these data, examination of the HIF-2a target genes (VEGF and TGF-a) in RCC 786-O cells silenced of Rictor demonstrated a significant reduction of VEGF and TGF-a mRNA compared with scr control (Figure 2e ). Taken together, this suggests Rictor-associated mTORC2 regulates HIF-2a and HIF-2a target genes through regulation of the 4E-BP1-eIF4E complex assembly. p22 phox -Based Nox oxidases have a novel role in the regulation of eIF4E-dependent mRNA translation We have previously demonstrated that p22 phox -based Nox oxidases maintain HIF-2a in the absence of VHL through an mRNA translational mechanism. 4, 16 We next explored a role for p22 phox -based Nox oxidases in the regulation HIF-2a expression through the 4E-BP1-eIF4E complex assembly. To maximize p22 phox downregulation, we generated stable shp22 phox knockdown clones and vector controls using lentivirus. RCC 786-O single-cell clones stably reduced of p22 phox were identified and characterized. The shp22 phox (1) and (2) are indicated as two independent single-cell clones and demonstrate reduced p22 phox protein expression and mRNA compared with RCC 786-O cells stably infected with independent vector control (shVector; Figure 3a left and right panels, respectively). The p22 phox is a pivotal Nox subunit important for Nox-dependent superoxide and hydrogen peroxide production. 4, 16 We demonstrate successful reduction of NADPH (nicotinamide adenine dinucleotide phosphate-oxidase)-dependent superoxide generation (Nox activity) in all individual p22 phox stable knockdown clones compared with vector controls (Figure 3b ). We next affinitypurified eIF4E in the stable p22 phox knockdown or vector cells and found that stable reduction of p22 phox in three independent clones leads to a greater abundance of eIF4E in association with 4E-BP1 compared with two independent stable shVector clones ( Figure 3c ). Chemical inhibition of Nox catalytic isoforms using the flavoprotein inhibitor, diphenyleneoidonium (DPI) 4 also resulted in more eIF4E binding to 4E-BP1 in RCC 786-O cells (Supplementary Figure S2A ). On the other hand, reverse experiments demonstrate that overexpression of p22 phox in normal renal epithelial cells (HK2) led to a reduction of eIF4E in association with 4E-BP1 as examined by affinity purification using 7mGTP sepharose beads (Supplementary Figure S2B ).
Polysomal profiling of HIF-2a mRNA in shp22phox RCC 786-O cells demonstrated a reduction of the HIF-2a mRNA in heavy polysomal fractions compared with shVector RCC 786-O cells (Figure 3d ). HIF-2a expression and polysomal profiling of HIF-2a mRNA was also examined in an independent VHL-deficient cell line, A498, silenced of p22 phox . Similar to VHL-deficient 786-O cells, a reduction of HIF-2a mRNA in heavy polysomal fractions was observed concomitant with reduced HIF-2a expression in A498 cells transiently silenced of p22phox using short hairpin RNA compared with shVector-transfected A498 cells ( Supplementary  Figures S3A, S3B ). Taken together, our data demonstrate a novel role for p22 phox -based Nox oxidases in the regulation of eIF4Edependent mRNA translation of HIF-2a and suggests a putative role for p22 phox -dependent redox regulation of mTORC2 complex formation/stability. mTORC2 but not mTORC1 complex is redox sensitive Downregulation of p22 phox or pharmacological inhibition of Nox oxidases results in reduction of Akt phosphorylation at the mTORC2 site, 473 (pAkt473), suggesting p22 phox functions upstream of mTORC2. 4, 16 Therefore, we next determined if the mechanism by which p22 phox -based Nox oxidases regulate phosphorylation of Akt 473 and mRNA translation of HIF-2a may be mediated through redox regulation mTORC complexes. mTORC1 and mTORC2 complexes were examined in RCC 786-O cells stably reduced of p22phox (shp22phox) and vector controls. Rictor-associated mTOR complex and Raptor-associated mTOR complex were examined by immunoprecipitating mTOR using mTOR antibodies. Western blot analysis using the mTOR immunoprecipitates demonstrated significant reduction of Rictor in association with mTOR (60%), whereas there was no reduction of Raptor in association with mTOR in shp22 phox stable RCC 786-O cells compared with vector control (shVec; Figure 4a , upper and lower panels). In support of this finding, pharmacological inhibition of the Nox catalytic subunits using DPI also reduced Rictor-associated mTOR complexes with no effect on Raptorassociated mTOR complexes (Supplementary Figure S4A ). Successful immunoprecipitation of mTOR was examined by western blot analysis and rabbit IgG was used as a negative control for the immunoprecipitations.
Changes in protein expression can result in stabilization/ destabilization of protein complexes. For example, downregulation of Rictor or mSin1 destabilizes the mTORC2 complex and thus inhibits mTORC2 activity. 20, 21 Therefore, we examined Rictor protein expression in p22 phox knockdown or DPI-treated RCC 786-O cells to determine if this is a mechanism by which Rictorassociated mTOR complex is reduced. When RCC 786-O cellular lysates from p22 phox stable knockdown clones and vector controls were probed for Rictor expression, we found a reduction in Rictor abundance and phosphorylation of Akt at the mTORC2 site (pAkt473); no significant changes of mSin1, another subunit of the mTORC2 complex, were observed ( Figure 4b) . Similarly, we also found an approximately 30% reduction of Rictor abundance in A498 cells transiently silenced of p22phox (Supplementary Figure  S3B ) and a marked reduction of Rictor abundance in RCC 786-O cells treated with DPI (Supplementary Figure S4B ) compared with vector-transfected or buffer-treated controls, respectively. On the other hand, when p22 phox is overexpressed in normal proximal tubular epithelial cells, HK2, Rictor expression is slightly but significantly increased compared with vector-transfected or RCC 786-O cells alone (Supplementary Figure S4C left and right panels).
Effect of p22 phox knockdown on HIF-2a transcriptional activity in vitro and tumor growth in vivo We next elucidated the biological significance of p22 phoxdependent reduction of HIF-2a expression. HIF-2a is a master transcription factor that is known to upregulate genes involved in the pathogenesis of clear cell RCC. We examined the effect of p22 phox knockdown on HIF-dependent gene regulation in vitro. The p22 phox was transiently silenced in RCC 786-O cells using small inhibitory RNA for p22 phox (sip22 phox ) or scr control. RCC 786-O renal carcinoma cell lines containing wild-type VHL were used as a negative control. HIF transcriptional activity was measured using a hypoxia responsive element (HRE) reporter plasmid. Co-transfection of a mixture of scr or sip22 phox and HRE reporter plasmid was performed to ensure that luciferase activity derived from HRE reporter plasmid was measured. These experiments revealed a significant decrease in the hypoxia-dependent reporter gene activation in p22 phox knockdown cells and in 786-O þ VHL (VHL) cells compared with the 786-O scr control (Figure 5a, left panel) . In parallel, cell lysates were prepared and analyzed for HIF-2a and p22 phox protein expression. RCC 786-O cells transiently transfected with sip22 phox demonstrated a decrease in p22 phox protein expression (Figure 5a, right panel) . As previously demonstrated, 786-O þ VHL cells also reduces p22 phox protein levels compared with 786-O cells transfected with scr control (Figure 5a , right panel). 4 As expected, HIF-2a was decreased in the 786-O þ VHL cells and the small interference RNA (siRNA) p22 phox knockdown cells (Figure 5a We next examined the effect of p22 phox knockdown on VEGF and TGF-a gene expression, known targets of HIF-2a using realtime PCR. Transient knockdown of p22 phox in RCC 786-O cells using siRNA resulted in an 80% reduction of p22 phox mRNA, a 60% reduction of VEGF and a 70% reduction of TGF-a compared with scr-transfected 786-O control (Figure 5b) . These results indicate that p22 phox regulate HIF-2a-dependent expression of genes that contribute to angiogenic and oncogenic potential of RCC. To test this, we injected nude mice with two independent RCC 786-O cells stably knocked down of p22phox, shp22 phox (1) and shp22 phox (2) or vector controls, and monitored tumor growth for 7 weeks (Figure 5c ). Ten mice were included in each group and for each animal, stable vector cells were injected into the left flank, whereas the RCC 786-O shp22 phox stable cells were injected into the right flank of the same animal. Tumors started to form in vector controls at 1 week, with no visible growth in the flanks of animals injected with RCC 786-O shp22 phox cells until small tumors were observed in a minority of animals at 5 weeks with most of the animals demonstrating some growth at 7 weeks. At the end point, we noted a significant reduction of tumor volume in shp22 phox compared with vector alone, suggesting a delay in tumor growth. pp242 blocks eIF4E complex assembly in ex vivo RCC cells VHL is mutated or silenced in B80% of human RCC tumors, which stabilizes HIF-2a expression. Our data presented here and elsewhere suggest that HIF-2a is actively translated in vitro VHLdeficient RCC cultured cells, which is necessary and sufficient for maintaining its expression. 4, 16 To determine if HIF-2a mRNA is actively translated in human RCC tumors, we examined HIF-2a mRNA expression and translational profile of HIF-2a mRNA using two independent tumors or normal adjacent control tissue from the same patient. We find increased HIF-2a mRNA expression (Figures 6a,b left panel) and active translation of HIF-2a compared with normal adjacent control tissue, which showed no active translational profile (Figures 6a,c) . Downregulation of HIF-2a remains a therapeutic target; however, clinically, the treatment of RCC with the mTORC1 inhibitor, CCI-779, has largely been ineffective. Our in vitro data using established cultured VHLdeficient cell lines suggests that inhibition of mTORC1/mTORC2 using pp242 can effectively inhibit mRNA translation of HIF-2a.
To determine if mTORC1/mTORC2 inhibitors demonstrate the same effect in human RCC cells, we isolated and cultured ex vivo RCC tumor cells and incubated the cells for 24 h with buffer control ( À ), the mTORC1 inhibitor (CCI-779), or the mTORC1/ mTORC2 inhibitor, pp242. We examined the effects of the aforementioned inhibitors on eIF4E-4E-BP1 association by affinity purification using 7mGTP sepharose beads. Importantly, we find that dual inhibition of mTORC1 and mTORC2, but not mTORC1 alone, resulted in enhanced binding of eIF4E to 4E-BP1 compared with buffer-treated cells (Figure 6b ). Together, this suggests that translation of HIF-2a is enhanced in RCC tumors and that Rapalog therapy alone may not be sufficient to reduce RCC tumorigenic phenotypes owing to lack of mRNA translation inhibition.
DISCUSSION
These studies highlight the following novel findings: (1) Rictorassociated mTORC2 complex maintain HIF-2a protein expression in the absence of VHL through an eIF4E-dependent mRNA translational mechanism; (2) mTORC2 complex formation/stability is redox sensitive, mediated by p22 phox -based Nox oxidases;
(3) p22 phox -based Nox oxidases have a novel role in mediating eIF4E-dependent mRNA translation, through mTORC2; and (4) inhibition of p22 phox , the pivotal Nox subunit necessary to activate both Nox1 and Nox4, inhibits HIF-2a-dependent gene targets in vitro and delays RCC tumor growth in vivo. These findings are outlined in Figure 7 . Here we suggest (left panel) that enhanced reactive oxygen species generation in RCC cells, mediated by p22 phox -based Nox oxidases, stabilize Rictor protein expression and the mTORC2 complex. We hypothesize that stabilization and activation of the mTORC2 complex enhances HIF-2a protein expression by maintaining the eIF4E-eIF4G complex association, and thus active mRNA translation. In contrast (right panel) when p22 phox -based Nox oxidases are pharmacologically inhibited by DPI or p22 phox is downregulated, we find reduced Rictorassociated mTORC2 complexes giving rise to enhanced eIF4E-4E-BP1 association and inhibition of mRNA translation. mTOR is found in two distinct complexes, mTORC1 and mTORC2. [13] [14] [15] Downstream targets of mTORC1 and mTORC2, including 4E-BP1 and Akt, respectively, are highly phosphorylated in RCC cells, suggesting both mTOR complexes are activated. 4, 16, 19 The role of mTORC1 in the regulation of mRNA translation has been extensively studied. However, only recently has a role for mTORC2 in the regulation of mRNA translation been implied. 18 Insulin-induced eIF4E-dependent mRNA translation, determined by pull-down of eIF4E:eIF4G with 7mGTP sepharose beads in treated L6 myotubes, is efficiently blocked by the mTORC1/ mTORC2 inhibitor, pp242. 18 Our study supports a role for Rictor-associated mTORC2 in eIF4E-dependent mRNA translation and provides the first molecular and functional evidence of a specific endogenous target regulated in this manner, HIF-2a. However, the mechanisms remain under investigation. Hyperphosphorylation of 4E-BP1 by the mTORC1 complex reduces its affinity to eIF4E, allowing eIF4E to direct ribosomes to initiate mRNA translation, whereas hypophosphorylation of 4E-BP1 enhances its affinity to eIF4E, resulting in inhibition of mRNA translation. We do not find appreciable reduction of endogenous 4E-BP1 phosphorylation in RCC cells silenced of Rictor compared with scr controls (data not shown). However, silencing of Rictor enhances eIF4E association with 4E-BP1 concomitant with a shift of HIF-2a mRNA polysomal distribution, suggesting that inhibition of mRNA translation by Rictor-associated mTORC2 may not simply occur through mTORC1 signaling in RCC. In cells with high extracellular-signal-regulated kinase activity, phosphorylation of 4E-BP1 may be unaffected by mTORC2 inhibition. 22 RCC cells demonstrate high extracellular-signal-regulated kinase activation (Block, unpublished observation and Lee et al.). 23 It is likely that there remain other possible and yet unidentified mechanisms involved, which are under active investigation.
Importantly, upstream of Rictor-mTORC2, we find a novel role for p22 phox -based Nox oxidases in these processes. Our study provides the first evidence that p22 phox -based Nox oxidases have a role in eIF4E-dependent mRNA translation, at least in part through Rictor-associated mTORC2 activity, and suggests this is the mechanism by which Nox oxidases maintain HIF-2a in the absence of VHL. Other putative roles for and targets of p22phoxbased Nox oxidases in the regulation of mRNA translation, independent of mTORC2, are under investigation. mTORC2 is a heterocomplex consisting of mTOR, mLST8, Rictor and mSin1. 14 The activity and function of mTORC2 depends on the presence of each of these components in the complex. 20, 21 Therefore, alteration of the expression of subunits associated with mTORC2 will directly affect the activity of the system. 20, 21 Our data suggest that the regulation of mTORC2 complex formation/stability is redox sensitive, as knockdown of p22phox inhibits NADPHdependent superoxide generation and reduces Rictor-associated mTORC2 complex without affecting Raptor-associated mTORC1 complex. The mechanism is likely mediated through regulation of Rictor expression. The role of the p22 phox -dependent oxidase is confirmed by the fact that overexpression of p22 phox leads to enhanced Rictor expression in HK2 cells. We are currently investigating the mechanisms of p22 phox -based Nox oxidase regulation of Rictor expression. Enhanced Rictor expression has been reported in ovarian and hepatocellular carcinomas 24, 25 and it remains to be determined if p22 phox -based Nox oxidases have a role in Rictor expression in these tumors or if Rictor is regulated by multiple mechanisms. We do not observe obvious increases of Rictor protein expression in human RCC tumors (data not shown); however, mTORC2 activity is upregulated in RCC tumors as examined by enhanced phosphorylation of Akt 473. Importantly, enhanced phosphorylation of Akt 473 is correlated with increased p22 phox expression. 16 The biological downstream consequence of p22phox in HIF-2a gene targeting as well as in tumor growth has not been previously examined. The p22phox is the pivotal subunit that enhances Nox1-and Nox4-derived reactive oxygen species, both of which have been implicated in proliferation and angiogenesis of various cancers. In this study, we show that downregulation of p22phox, in vitro, blocks transcriptional activity of a general HIF-dependent responsive element (HRE) in addition to HIF-a dependent targets, TGF-a and VEGF. Stable inhibition of p22phox in VHL-deficient cells results in a significant reduction, B70-80%, of tumor growth when injected subcutaneously to nude mice compared with vector controls. We hypothesize that this was a delayed response as no tumors were observed in the shp22phox mice until B6 weeks at which point the vector controls show marked tumor growth. It remains unknown if p22phox-based Nox oxidases are signaling exclusively through HIF-2a to delay tumor growth via downregulation of HIF-2a target genes, or if other pathways may be involved. These questions remain under investigation.
The VHL tumor suppressor protein is inactivated in a large number of human clear cell renal tumors. In the absence of VHL, HIF-2a expression is stabilized through pathways that require ongoing mRNA translation. 4, 16 HIF-2a has been defined as the critical downstream target for renal tumorigenesis. 1 Clinically, rapamycin analogs (CCI-779) have been utilized for the treatment for advanced RCC. However, objective response rates to these drugs remain low. 26 Several studies, including this study, show that rapamycin is not an effective mTORC2 inhibitor, does not demonstrate the ability alone to switch eIF4E association to 4E-BP1, and has no effect on reducing HIF-2a expression (this study and Toschi et al.) . 17 In support of this and clinically relevant is our finding that in human RCC tumors, the distribution of HIF-2a mRNA is found in all polysomal fractions, suggesting HIF-2a is actively translated in RCC tumors, whereas this is not the case in normal adjacent control tissue. Moreover, isolation of ex vivo cells from an RCC tumor demonstrate that pharmacological inhibition of mTORC2/mTORC1, but not mTORC1 alone, can only shift eIF4E complex assembly to 4E-BP1. Together, our findings may provide an explanation to the disappointing outcome of clinical trials using rapamycin in RCC.
Collectively, our data couple upstream p22 phox -based Nox oxidase activation to downstream mTORC2 signaling and demonstrate for the first time their roles in initiation processes of cap-dependent mRNA translation and RCC tumorigenesis. 
MATERIALS AND METHODS

Chemicals and reagents
Cell culture and pharmacological treatments
All cell lines were maintained as outlined. 4, 16 Experiments were carried out in complete media.
Cellular transfections for transient assays and stable selection
For transient transfection assays or generation of stable clones, HK2, 786-O or A498 cells were transfected by nucleofection using a nucleofector (Amaxa Biosystems, Allendale, NJ, USA). Cells (2.0 Â 10 6 ) were pulsed with 5 mg of DNA or 3 mM siRNA smart pool. Thirty-six to seventy-two hours posttransfection, cells were harvested using the indicated buffers (detailed below) for the specific assay to be tested. In some experiments, transient transfection was carried out using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA). 4 The shp22phox plasmid was used for transient transfection of A498 cells using Lipofectamine. Generation of shp22 phoxstable single-cell knockdown clones was achieved using MISSION Lentiviral Transduction Particles (Sigma) for shp22 phox or vector control (Sigma). 786-O cells were infected with Lentiviral shp22 phox or shVector control as per manufacturer's instructions. Twenty-four hours post-transfection, cells were passed into 150 mm plates and single cells were selected and passed into 96-well plates in puromycin (750 ng/ml) antibiotic for selection and maintained in puromycin (350 ng/ml). siRNAs were carried out with SMARTpool siRNAs (Dharmacon, Lafayette, CO, USA) transfected at 100 nM as described above. Scr non-targeting RNA was used as a control.
Antibodies
Anti-HIF-2a and GAPDH (Novus Biologicals, Littletown, CO, USA), anti-Actin (Sigma). p22 phox (Santa Cruz, Santa Cruz, CA, USA), pAkt, Akt p4E-BP1, 4E-BP1 pAkt S 473 , peIF4E, eIF4G, Rictor and Raptor (Cell Signaling, Danvers, MA, USA), mSin1 (Bethyl, Montgomery, TX, USA) and mTOR (Abcam, Cambridge, MA, USA). Immunoblotting was performed as described. 4, 16 Preparation of cell lysates, immunoprecipitation-western blotting, and 7-methyl pulldown For western blot analysis, cells were lysed in a modified RIPA buffer. 4, 16 For mTORC immunoprecipitations, cellular lysates were prepared in mTOR lysis buffer as described. 27 Cell lysates (B200 mg) for 7-Methyl pull-down assays were prepared in buffer A (10 mM KH 3 PO 4 , 1 mM EDTA, 10 mM MgCl 2 , 50 mM glycerol 2-phosphate, 5 mM ethylene glycol tetraacetic acid, 0.5% NP40, 1 mM orthovanadate, 0.1% sodium deoxycholate). eIF4E and associated proteins were immunoprecipitated overnight at 4 o C using 50 ml of 7-methyl beads (GE Healthcare Life Sciences), washed twice in buffer A and once in ST buffer (50 mM Tris.Cl, 5 mM Tris base, 150 mM NaCl). Bound proteins were eluted by boiling in 1 Â Laemmli sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis.
NADPH oxidase assay NADPH-dependent superoxide anion generation in cell homogenates was measured by lucigenin-enhanced chemiluminencence as previously described. 4, 16 Polysome isolation and fractionation and real-time qPCR
The polysome assay was performed as described. 28 Briefly, indicated RCC 786-O, A498 cells, RCC tumors or normal adjacent tissue was lysed in polysome resuspension buffer and centrifuged for 10 min at 14 000 r.p.m. The cytosolic supernatants (B500 ml) were overlaid on top of a 15-40% sucrose gradient and centrifuged for 90 min at 200 000 g. The gradients were separated into 10 fractions of 200 ml. RNA was extracted from each fraction using TRIzol (Invitrogen). Real-time (RT-PCR) amplification was performed in polyribosomal fractions using the Superscript One-Step RT-PCR kit from Invitrogen. Real-time PCR Sybr Green was performed on 50 ng of RNA using the SuperArray kit (SuperArray Bioscience Corporation, Frederick, MD, USA) and the Eppendorf realplex machine. Primers for HIF-2a, VEGF, TGF-a and GAPDH were purchased from SuperArray. Reactions were done in triplicate and normalized to GAPDH. Sedimentation analysis was examined in parallel of RCC 786-O cells by measuring optical density at 254 nm.
Xenograft animal model
Stable shp22phox or vector control RCC 786-O cells were mixed with matrigel and injected into nude mice as described in Block et al. 4 Human tumor specimens Clear cell renal tumor samples and normal corresponding tissue from patients with clear cell RCC were obtained from the Department of Urology at the University of Texas Health Science Center, San Antonio, TX, USA, according to an approved Institutional Review Board IRB protocol number HSC 20070777N. 16 
Statistical analysis
Results are expressed as the mean ± s.e.m. Statistical analyses were performed using the analysis of variance followed by a Fisher's test. A P-value of 0.05 was used to define statistical significance.
